1 RESEARCH R ice (Oryza sativa L.) is one of the most important crops and feeds more than a half of world's population. With the improvement of the quality of life, rice quality has increasingly replaced high yield as the top priority goal for breeding new rice cultivars in the major rice production areas worldwide. Rice quality is a multifaceted trait and is graded by many indices such as physical appearance quality involving chalkiness, transparency, and grain shape; sensory and cooking quality; milling quality; and nutritional value. Among these, grain chalkiness is an important index for quality grading in both the domestic and international markets and negatively influences milling quality (Fitzgerald et al., 2009 ). Grain shape is another important grading index of appearance quality. Wide grain is generally considered to be directly related to chalkiness occurrence. There was a significant correlation between chalkiness and grain shape in a survey of 8390 accessions of indica and japonica rice, especially the indicas .
Rice chalkiness is a complex quantitative trait conditioned by many genes and readily influenced by environmental conditions such as temperature during grain-filling period (Lanning et al., 2011) and cultivation method, especially nitrogen fertilizer application (Xiong et al., 2007) . Mapping of quantitative trait
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loci (QTLs) for grain chalkiness-related traits has been reported using various populations (He et al., 1999; Tan et al., 2000; Yoshida et al., 2002; Zeng et al., 2002; Li et al., 2003; Li et al., 2004; Wan et al., 2005; Hao et al., 2006 Hao et al., , 2009 Lei et al., 2007; Liu et al., 2007; Kobayashi et al., 2007; Tabata et al., 2007; Liu et al., 2011; Zhao et al., 2015; Dai et al., 2016) . However, the repeatability of most of the QTLs was poor due to the influence of genetic background and environmental factors. Subsequently, the reports on validation and fine mapping QTLs conferring chalkiness-related traits using secondary genetic mapping populations were relatively few. To date, only a few major QTLs for chalkiness-related traits have been fine mapped. The QTLs qPGWC-7 (Zhou et al., 2009 ) and qPGWC-8 (Guo et al., 2011; Sun et al., 2015) were fine mapped into 44-and 142-kb intervals on chromosome 7 and 8, respectively, and a major QTL, qACE9, for the area of chalky endosperm (ACE) was fine mapped into a 22-kb interval on chromosome 9 (Gao et al., 2016) . So far, only one major QTL underlying natural variation in chalkiness, Chalk5, has been cloned in rice (Li et al., 2014) . In the past decade, several rice mutants associated with chalkiness were used to clone the genes underlying this trait and decipher the molecular genetic mechanism of chalkiness formation. Most of these genes were involved in starch and carbohydrate metabolism. For example, a mutant of the OsAGPL2 gene located on the long arm of chromosome 1 encodes an AGPase large subunit that causes grains to have a white core (Zhang et al., 2012) . The starch branching enzymes IIb (BEIIb) gene located on the long arm of chromosome 2 plays an important role in the structure of amylopectin in endosperm, and the mutant lines produced a white core or chalky endosperm (Nishi et al., 2001; Butardo et al., 2011) . The flo6 mutant gene located on the long arm of chromosome 3 encodes a starch-binding protein that was involved in starch synthesis and compound granule formation through the interaction with isoamylase1 (ISA1) gene located on the long arm of chromosome 8 responsible for small grains with a floury endosperm (Peng et al., 2014) . The Grain Incomplete Filling 1 (GIF1) gene located on the long arm of chromosome 4 encodes a cell wall invertase involved in carbon partitioning during early grain filling, causing the mutant to exhibit increased grain chalkiness due to the starch granules abnormally developed and loosely packed in the endosperm (Wang et al., 2008) . The OsPPDKB and SSIIIa genes located on the long arm of chromosomes 5 and 8 respectively, control the production of floury white endosperm and chalky interior appearance in the mutant (Kang et al., 2005; Fujita et al., 2007) . A rice genic male-sterility gene, ms-h, located on the long arm of chromosome 9 that encoded UDP-glucose pyrophosphorylase 1 (UGPase1, EC2.7.7.9) had a pleiotropic effect on chalkiness in endosperm (Koh et al., 1999; Woo et al., 2008) . Through the fine mapping of QTLs qACE9 and qPGWC-7, mentioned above, on intervals having carbohydrate metabolism-related genes (Gao et al., 2016; Zhou et al., 2009) , it was speculated that the causal gene may play a role in carbohydrate metabolism. Another genetic mechanism conferring rice chalkiness is the unfavorable pleiotropic effect of grain size on chalkiness. For example, the GW2 allele increases grain size and weight and has a negative effect on grain chalkiness (Song et al., 2007) .
In our previous studies, we detected a multifunction region conditioning percentage of chalky grain (PCG), degree of chalkiness (DC), endosperm transparency, grain width (GW), 1000-grain weight (TGW), and percentage of brown rice on the long arm of chromosome 10 in three recombinant inbred line populations derived from the cross of Teqing/IRBB, Xieqingzao/Milyang 46, and Zhenshan 97/Milyang 46 (Mei et al., 2013; Wang et al., 2017) . Although it had a relatively small effect, it was found in three different genetic backgrounds and controlled several important agronomic traits of rice. The objectives of this study were to analyze the relationship and estimate the genetic effects of grain shape and chalkiness locus in a near-isogenic line background, as well as to validate and narrow down its location, which would facilitate the cloning of this multifunction region and help explore the genetic basis underlying rice grain chalkiness.
MATERIALS AND METHODS

Rice Materials and Population Development
Based on the previous studies, we detected several QTLs conferring grain shape and chalkiness-related traits in the rice genome using a recombinant inbred line population developed from the cross of Teqing/IRBB, among which we found a multifunction region underlying PCG, DC, endosperm transparency, GW, TGW, and percentage of brown rice located in the simple sequence repeat (SSR) molecular marker interval RM6704 to RM228 on the long arm of chromosome 10 (Mei et al., 2013; Wang et al., 2017) . The maternal line Teqing is an indica commercial cultivar and restorer line of three-line hybrid rice, released by the Rice Research Institute of the Guangdong Academy of Agricultural Science, Guangzhou, China, in 1984. IRBB lines consist of several near-isogenic lines carrying various bacterial blight resistance genes in the genetic background of IR24. IR24 is an indica conventional rice cultivar bred by the International Rice Research Institute, Manila, Philippines, and was used as recurrent parental line in this study.
As presented in Fig. 1 , Teqing was used as maternal line to cross with the recurrent parent IR24 to produce BC 2 F 1 , BC 3 F 1 , and BC 4 F 1 plants. For every generation, six SSR molecular markers-RM3773, RM25766, RM25808, RM3123, RM228, RM6673, and 18 SSR molecular markers in all chromosomes except chromosome 10 and 11 (Table 1) , where QTLs for grain shape and chalkiness-related traits were locatedwere used to survey the genetic foreground and background, respectively. The plants that were heterozygous in the interval of RM3773 to RM6673 and homozygous for IR24 at most
genotyped for validation and self-pollinated to produce BC 2 F 2:3 families needed in phenotyping and QTL validation. There were 20 BC 3 F 1 plants produced, and two of them were used in the generation of BC 4. Six BC 4 F 1 plants were randomly selected to produce the BC 4 F 2 population, but only three BC 4 F 1 plants were the sources of 3432 BC 4 F 2 lines planted for evaluation. Eleven molecular markers listed in Table 1 were used to survey these BC 4 F 2 lines, and a total of 13 recombinant lines carrying heterozygous segments overlapping the RM3773 to RM6673 region such as Tmd-29, Tmd-37, Tmd-38, and Tmd-42 were identified and self-pollinated to produce BC 4 F 3 populations. Each BC 4 F 3 population segregated for three genotypes (paternal homozygotes [TQ/TQ], maternal homozygotes [IR24/IR24], and heterozygotes [TQ/IR24]) for each marker. One plant from each of the three genotypes was randomly selected to selfpollinate and produce BC 4 F 4 families. The genotypic data of BC 4 F 3 generation and phenotypic data of the BC 4 F 4 generation were used in QTL analysis.
Field Trials and Phenotyping
The BC 2 F 2:3 population, parental lines, BC 4 F 4 families, and backcross generation materials were planted in the middle of the rice growing season in the paddy field of the Rice Research Institute, Anhui Academy of Agricultural Sciences, Hefei, Anhui, China.
background QTL regions underlying the five traits were selected to backcross with the recurrent parent, IR24.
One BC 2 F 1 plant homozygous for IR24 in most of the genetic background of the QTL regions (Mei et al., 2013; Wang et al., 2017) was selected for further backcrossing and self-pollination to produce 190 BC 2 F 2 lines. These BC 2 F 2 lines were Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
Except for backcross generation materials, the others were planted in two replications with 12 plants per line at a spacing of 20 ´ 23 cm. Field management followed the normal agricultural practices in the region. At maturity, the seeds were harvested from the middle 10 plants of each line in each replication. After drying, the filled grains were separated from the unfilled ones by visual inspection and stored at room temperature for ?12 wk. The paddy grain length (GL), GW, and TGW were measured using an automatic instrument (Model SC-G, Wanshen) for the BC 2 F 2:3 population, parental lines, and the BC 4 F 3:4 population. About 50 g of paddy grain was dehusked using a Satake Rice Machine and milled using a JMJ-100 rice miller (CNRRI). Only milled head rice was taken to measure PCG and DC following the China National Standards GB/T 17891-1999 and NY/T 83-1988 (NSPRC, 2009 ).
To evaluate chalkiness, 200 milled head rice were picked randomly and assessed on a SDE-A chalkiness visualizer (CNRRI). The number of chalky grains was counted, and PCG (%) was calculated. Twenty chalky grains were selected randomly, and the ratio of the chalkiness area to the whole area of endosperm for each chalky grain was estimated by visual assessment. The values of the ratio were averaged and multiplied with PCG (%) to produce DC (%).
DNA Extraction and SSR Marker Survey
DNA was extracted from the fresh leaf of a single plant at 7 d after transplanting following the method described by Zhao et al. (2012) . The SSR markers were selected from Gramene (www.gramene.org). The amplifications were performed according to Chen et al. (1997) . Polymerase chain reaction products were subjected to electrophoresis on a 6% nondenaturing polyacrylamide gel after silver staining.
Data Analysis
For the BC 2 F 2:3 population, phenotypic values of the two replications were averaged for each line and used for data analysis. Basic descriptive statistics, including mean trait value, standard deviation, coefficient of variation, minimum and maximum trait values, skewness, and kurtosis, were computed using SPSS 16.0 software (Marija, 2008) . Mapmaker/Exp 3.0 (Lander et al., 1987) was used for calculating the genetic distance between the SSR markers M3773, RM25766, RM25808, RM3123, RM228, and RM6673, in which centiMorgan (cM) was derived using the Kosambi function. The QTL analysis was conducted with composite interval mapping, and the critical logarithm of odds (LOD) values for genome-wise Type I error of P < 0.05 were determined with a 1000-permutation test in Windows QTL Cartographer 2.5 . Nomenclature of QTLs followed the rules proposed by McCouch and CGSNL (2008) .
For BC 4 F 3:4 populations, phenotypic values of the middle 10 plants for each family of two replications were used in the analysis. The SAS procedure general linear model (SAS Institute, 1999) two-way ANOVA was performed to test phenotypic difference among the three genotype groups. The analysis model is GROUP + LINE(GROUP) + REP + REP ´ GROUP, where LINE(GROUP) was a random effect caused by different genotypes and used as the error term to test GROUP differences. If the differences were significant (P < 0.05), the same data were used to estimate the genetic effect of the QTL, including additive effect, dominant effect, and the proportion of phenotypic variance explained.
The value of additive effect is (IR24/IR24 − TQ/TQ)/2 and the dominant effect is TQ/IR24 − (IR24/IR24 + TQ/ TQ)/2, where TQ/TQ, IR24/IR24, and TQ/IR24 are the mean values of Teqing homozygote, IR24 homozygote, and heterozygote, respectively. The phenotypic variance explained by the given QTL (R 2 ) is equal to the ratio of variance caused by genotype to total variance of the populations.
RESULTS
QTLs for Five Traits Detected in the BC 2 F 2:3 Population Table 2 and Fig. 2 show the GL, GW, TGW, PCG and DC of parents and the BC 2 F 2:3 population. The five traits were continuously distributed in a relatively small range, which was consistent with the previous result that the target QTLs have minor effects and tend to be influenced by environment. Ranges of variation for GL, GW, and TGW were relative small compared with those of PCG and DC. The values of five traits were all close to those of IR24, and the plants exhibited the IR24 phenotype.
An approximate bimodal distribution of phenotypic values for GL, GW, and TGW in the BC 2 F 2:3 population was observed, indicating that the three traits were controlled by a major gene and modified by minor genes or environmental factors. The similar continuous normal distribution for PCG and DC indicated that the two traits were controlled by multiple genes or were more sensitive to environment.
The correlations between TGW and GL and between TGW and GW achieved significant levels (P < 0.01), and the correlation between GL and GW was significant at the P < 0.05 level with a low correlation coefficient value of 0.172. Highly significant positive correlation was observed between PCG and DC, with a correlation coefficient of 0.906. Thousand-grain weight and GW had significant a positive correlation with the PCG and DC at the P < 0.01 level, whereas the correlations between GL and PCG and between GL and DC did not achieve significant levels (Table 3) .
The results of the QTL location validation using the BC 2 F 2:3 population were presented in Table 4 . The QTLs for each of the five traits analyzed were detected in two closely linked intervals. The LOD peak of the QTL for GL lies in the RM25767 to RM3123 interval, and the other four lie in the downstream adjacent interval of RM3123 to RM228. The enhancing alleles of the five QTLs were all derived from Teqing, and the dominance effect for each QTL was weak. The proportions of phenotypic variance explained by the QTLs were increased relative to the result of primary mapping (Mei et al., 2013; Wang et al., 2017) , ranging from 15.26 to 21.81%, whereas the values of additive effect were similar.
Fine Mapping the Multifunction QTL
Significant phenotypic variation among different genotypic groups developed from a single plant would be an indication of QTL harboring in the given portion; a lack of variation indicates that there is no QTL. By comparing the phenotypic mean values among different genotypic groups derived from the plants with overlapping heterozygous segments, the location of target QTLs could be narrowed down, and the effects of QTLs could be determined.
In Tmd-37, SSR marker RM25766 was homozygous for IR24, and its downstream adjacent marker RM25767 was heterozygous, which mean that recombination Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
occurred between the two markers. That is to say, part of the region between RM25766 and RM25767 is heterozygous. The downstream region between RM25845 and RM228 and the regions between RM25808 and RM25818 and between RM228 and RM6673 in Tmd-42 are all in the same condition. Therefore, the heterozygous region in Tmd-37 was RM25767 to RM25845, adding two parts of the flanking crossover regions RM25766 to RM25767 and RM25845 to RM228 (Fig. 3) . The significant differences between IR24 homozygous lines and Teqing homozygous lines or Teqing/IR24 heterozygous lines were observed in all five traits in the near-isogenic line F 3:4 populations derived from Tmd-37 (Table 5 , Fig. 4) ; hence, the target QTLs were located within the interval from RM25766 to RM228. There was no significant phenotypic segregation in the progeny population derived from Tmd-38 with the heterozygous interval RM25766 to RM25828 (Table 5 , Fig. 4) , indicating that the target QTL was not located in the interval of RM25766 to RM25828. The progeny population derived from Tmd-29 with heterozygous interval RM3123 to RM228 also showed no significant phenotypic segregation (Table 5 , Fig. 4) , indicating that the target QTLs were not located in the interval of RM3123 to RM228. In conclusion, the target QTLs were delimited into a 93.4-kb region flanked by RM25828 and RM3123. Tmd-42, with the heterozygous interval from RM25808 to RM6673 (Fig. 3) covering RM25828 to RM3123, showed significant allelic effects (Table 5 , Fig. 4) , which further validated the target QTLs located in the RM25828 to RM3123 interval, corresponding to the physical positions of 21,671,167 and 21,764,569 on chromosome 10 in the Oryza sativa ssp. japonica 'Nipponbare' genome (www. gramene.org). According to the gene annotation information from the website of Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/index.shtml), there were 15 annotated genes located in this region. Most of the candidate genes encode functional proteins except LOC_Os10g40555 and LOC_Os10g40580 (Table 6 ). Progeny populations derived from the Tmd-37 and Tmd-42 showing significant phenotypic variation for all five traits were analyzed (Fig. 4) . In all cases, plants with homozygous genotype for Teqing (TQ/TQ) had the Table 4 . Quantitative trait loci (QTLs) for the five traits detected in the BC 2 F 2:3 population. Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
highest mean values, whereas those homozygous for IR24 (IR24/IR24) had the lowest mean values. The mean values of heterozygous plants were between Teqing and IR24 homozygous plants and were hard to separate from them (Fig. 4 , Table 5 ). The QTLs had significant additive effects on all five traits with the enhancing alleles from the maternal line Teqing. The dominance effect for each of five traits was small and varied by parental source, ranging from negative and positive values. The proportion of phenotypic variation explained by the QTLs ranged from 23.24 to 36.74%.
DISCUSSION
Chalkiness is an important grade index of rice quality. It affects the overall appearance of the grain and can dictate market price. It also has great influence on rice milling recovery, cooking, and eating quality. Therefore, elucidating the genetic basis of chalkiness is of great significance in improving rice quality. The QTL qPCG10/qDC10 is a multifunction region conferring several important agronomic traits including grain size (Wang et al., 2017) , chalkiness, endosperm transparency (Mei et al., 2013) , percentage of brown rice, and TGW (unpublished data). According to our previous studies, QTLs underlying grain size and chalkiness were detected in this region using the recombinant inbred line population derived from the cross of Zhenshan97/Milyang46, and the enhancing alleles were all from Zhenshan97 (Mei et al., 2013; Wang et al., 2017) . In this region, QTLs for chalkiness-related traits were also detected in the primary mapping population derived from the cross of Teqing/ Lemont (Zhao et al., 2015) , Zhenshan97/Nipponbare (Sun et al., 2015) , and Zhenshan97/Minghui46 (Tan et al., 2000) , and the enhancing alleles were from Teqing and Zhenshan97. Furthermore, these QTLs were also detected in the population developed from the cross of two japonica cultivars, Koshihikari/C602, and the alleles increasing the phenotypic values were from Koshihikari . This means that these QTLs are widely distributed across indica and japonica cultivars. However, to our knowledge, the reports on the QTLs for grain size detected in this region were few, and only a QTL conferring TGW was detected by Guo et al. (2012) using the chromosome segment substitution lines developed from the cross of 93-11/Nipponbare. It is worthy to note that the reported genetic effects of these QTLs were all small with low heritability. All of the populations used in these studies were primary mapping populations, which would lead to QTL effects being overlapped by genetic background or environmental factors. In this study, a set of near-isogenic lines was developed by consecutive backcrossings combined with marker-assisted selection for genetic background of the recurrent parent. The background noise caused by other loci on chromosomes, especially the major QTLs for grain chalkiness and/ or grain size on chromosomes 3 and 5 (Mei et al., 2013; Wang et al., 2017) , could have been eliminated. This increases the efficiency of QTL analysis. The proportion of phenotypic variance explained and the additive effects of the QTLs were all increased compared with previous primary mapping (Mei et al., 2013; Wang et al., 2017) . Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
Grain shape is generally considered to greatly affect endosperm chalkiness (Sun et al., 2015) . Carbohydrates produced by photosynthesis are transported into spikelets during grain filling. There is a longer distance and larger obstacle in carbohydrate transport from the vascular bundle or aleuronic layer to the back or core part of larger and wider spikelets. This results in insufficient photosynthesis products to fill the spaces in larger and wider spikelets and promotes loose packing of starch granules and protein bodies in the endosperm. These may be the reason why the larger and wider grain is prone to forming chalky grains. A major QTL, GW2, was shown to increased grain size and grain weight but favored grain chalkiness (Song et al., 2007) . In our study, we found that qPCG10/qDC10 simultaneously conditioned grain size and chalkiness and had the same direction of the additive effect. Hence, we speculated that the target gene regulation mechanism for chalkiness formation might be the same as that of GW2, and the qPCG10/qDC10 region might harbor a gene with a pleiotropic effect on grain shape and chalkiness.
This QTL for several traits (qPCG10/qDC10) was fine mapped into an interval of 93.4 kb in this study, and there were 15 annotated genes located in this region according to the gene annotation information from the website of Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/index.shtml). Among these candidate genes, LOC_Os10g40555 and LOC_Os10g40580 encode unknown function proteins, five candidate genes encode lipid transfer protein family protein precursors that are involved in seed storage, and eight candidate genes encode various family proteins with different functions (Table 6) . Boutrot et al. (2008) identified six nonspecific lipid transfer protein genes with tandem duplication in this region, although their physiological functions remain unclear. The nonspecific lipid transfer protein genes are widely distributed in all rice chromosomes except chromosome 2 and encode a group of ubiquitous small proteins that are involved in several physiological processes, including responses to drought stress (Rodrigues et al., 2011; Guo et al., 2013) , pollen development (Zhang et al., 2010; Li et al., 2011) , and signaling (Chae et al., 2007) . There are limited reports about gene physiological function in this interval, and thus it is hard to identify the most likely candidate gene for qPCG10/qDC10. Work is underway to further narrow down the interval of the target gene.
